C eliac disease (CD) is a multifactorial immune-mediated disease. The environmental factors triggering most autoimmune disorders are uncertain, as multiple agents-both infectious or not-have been considered. On the contrary, the ingestion of gliadin and some related peptides (sharing a high glutamine and proline content and, thus, called prolamins) has been ascertained to be the critical environmental factor for the development of CD (1, 2) . Indeed, the immunopathogenesis of CD recognizes its central event in the specific T-lymphocyte activation by the recognition of complexes, between a class II MHC molecule and a gliadin-derived peptide, which are exposed on the surface of antigenpresenting cells (APCs) in the intestinal mucosa. Such a simple observation clearly suggested the importance of some HLA loci, as the main genetic component of CD (3, 4) . Exactly, the genetic predisposition of CD involves class II HLA genes encoding heterodimer MHC II molecules that, in fact, are devoted to the presentation of antigenic peptides (derived from the processing of extracellular antigens by endocytosis, including gliadin) to CD4 + T cells. Carrying two specific MHC class II molecules, called DQ2 and DQ8, is a necessary condition to develop CD during lifetime, although several non-HLA genes are emerging as having a pivotal role in the disease onset and severity, along with some environmental factors (e.g. viral infections, gut microbiota, and others) (5) (6) (7) . Each DQ heterodimer is composed of two chains, namely α and β, and the corresponding aminoterminal external domains (α 1 and β 1 ) create the peptidebinding cleft, once assembled together (6, 8) . DQ2 and DQ8 heterodimers consist of α and β chains encoded by two HLA-DQA1 and two HLA-DQB1 alleles that each individual possesses. Specifically, DQ2 heterodimer includes the α chain encoded by HLA-DQA1*05 allele and the β chain encoded by HLA-DQB1*02 allele. DQ8 heterodimer is encoded by HLA-DQA1*03 and HLA-DQB1*03:02 alleles. In general, it has been demonstrated that more than 90% of CD patients possess HLA-DQ2 and/or HLA-DQ8 alleles, and only less than 2% of CD patients lack these HLA alleles completely (9) (10) (11) . HLA-DQ typing has acquired clinical relevance in pediatric gastroenterology: indeed, according to the recent European Society for Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN) guidelines for the diagnosis of CD, the recognition of a predisposing HLA genetics, in association to well-defined clinical and serological criteria, can support the diagnosis without performing any endoscopic procedure to get duodenal biopsies (11, 12) . However, this genetic analysis could gain growing attention in the perspective of potential CD-screening programs and strategies in the pediatric age. Most studies investigating the genetic features of CD in humans have been carried out in adults; here, we first performed a meta-analysis evaluating the accuracy of the determination of predisposing HLA genotypes in CD children, in order to find useful insights for the most suitable and cost-effective screening strategy for pediatric CD based upon genetic HLA testing.
MATERIALS AND METHODS
This work is written according to PRISMA guidelines (13) .
Protocol
We drew up a protocol including review questions, selection and eligibility criteria, primary and secondary end points, search strategy, methods for data extraction, methods for assessing study quality and risk of bias, strategy for data synthesis, and statistical methodology. On 30 January 2016, the protocol entitled "Association between HLA class II polymorphisms and coeliac disease in infants and children: a meta-analysis" was published in the PROSPERO International prospective register of systematic reviews (PROSPERO 2016:CRD42016033555), and from that date onward, it is available in http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID = CRD42016033555 (14) .
Search Strategy
We performed a systematic search of MEDLINE/PubMed, EMBASE, Web of Science, Cochrane databases, and CINAHL retrieving all publications (case-control study, cross-sectional, and retrospective cohort study) on the association between HLA class II polymorphism and CD in infants and children (o18 years). We searched all English articles published in up to 30 May 2016. An expert librarian performed the search using the following MeSh terms: (''Coeliac Disease) AND (''HLA'' OR ''human leukocyte antigen'') AND (''polymorphism'' OR ''variant'' OR ''genotype'' OR "allele").
Selection criteria were HLA class II genes; any DQ and DR molecules; and celiac disease diagnosed following the clinical criteria: Meeuwisse (1969 Meeuwisse ( -1970 (11, 15, 16) .
Risk of Bias (Quality) Assessment
Following a quality-assessment tool for genetic data (Quality Assessment of Genetic Studies in Systematic Reviews, QUAGENS) (17) proposed by our multidisciplinary panel (statisticians, clinical epidemiologists, geneticists, clinicians, and meta-analysts), three pairs of reviewers (one for the clinical criteria, one for laboratory issues, and one for methodology tools) working independently and with adequate reliability verified the following aspects:
1. Clinical data: the presence of spectrum disease biases, the possible enrollment of incident or prevalent cases, the inclusion of controls not selected from the same source population, and the occurrence of differential participation in cases and controls. 2. Laboratory issues: the misclassification of genotypes or serotypes (including the types and quality of samples, timing of collection, and the method used for typing), the actual laboratory staff blinded to outcome, and the mention of quality controls. 3. Methodological features: the possible population stratification, the presence of multiple testing and prestudy odds of true finding (it would be useful interpreting the results in the context of how many polymorphisms have been studied), and the assessment of Hardy-Weinberg equilibrium in controls.
Each question was answered as "yes", "no", or "unclear".
Data Extraction
After a critical reading of the articles, two investigators independently performed data extraction according to the inclusion criteria listed above. The third participant was consulted for discussion to reach an agreement concerning discrepancies. The following items were extracted from each study: first author's last name, publication date, country of origin, numbers of cases and controls, and typing method.
Data Synthesis and Meta-analysis STATA 14.2 (StataCorp, College Station, TX, USA) and METADISC 1.4 were used for statistical analysis to perform meta-analysis (18) . Heterogeneity was checked by the χ 2 -test and the I-squared statistics (19) . The criteria for identification of heterogeneity were P value less than 0.10 for the χ 2 -test and an I-squared statistics greater than 50%. When there was no statistical evidence for heterogeneity in effect sizes, we used the fixed-effect model to meta-analyze odds ratios (ORs) or relative risks in probands; when significant heterogeneity was identified, we used the random-effects model and explored sources of significant heterogeneity (20, 21) . To take into account the HLA-DQ allele combinations, an individual patient meta-analysis (IPD) was performed considering the copies of DQA1*05:01 and DQB1*02 or DQA1*03:01 and DQB1*03:02 carried by each subject. We termed individuals according to the presence of the HLA-DQA1 and HLA-DQB1 alleles: subjects carrying both the HLA-DQA1*05 and HLA-DQB1*02 alleles are DQ2, subjects carrying both the HLA-DQA1*03 and HLA-DQB1*03:01 alleles are DQ8, those carrying only a single HLA-DQB1*02 allele in the absence of the DQA1*05:01 allele are β2, and those carrying only a single HLA-DQA1*05:01 allele in the absence of the DQB1*02:01 allele are α5. Any other DQ genotypic combination is indicated as DQX. IPD combined all patient data from all studies in one single random multilevel logistic model, taking into account the clustering of patients within studies (20) . Furthermore, for each selected study, we calculated sensitivity, specificity, positive likelihood ratio (LR+), and negative likelihood ratio (LR-). In order to produce clinically useful pooled statistics, we meta-analyzed LR+ and LR-. For all estimated, we added their 95% confidence intervals.
RESULTS

Study Selection and Quality of Studies
Our search strategy yielded 1,885 papers for consideration ( Figure 1 ). Following elimination of the 551 duplicates, 1,334 titles and/or abstract were reviewed. Of these, 1,288 were excluded: of the remaining 46 publications, full-text manuscripts were obtained and assessed for eligibility, and other 33 studies were excluded. Finally, a total of 13 studies were deemed eligible for inclusion and were submitted to data extraction and analysis. Studies were published between 1994 and 2016; 10 studies were case-control and three cohort studies (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Case-control studies collectively enrolled 740 CD patients and 943 controls. Study populations were similar with respect to age (median age: 9 [IQR [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Individual patient meta-analysis (IPD) showed that each genotype carrying DQ2 or DQ8 heterodimers has an increased risk of developing CD, as it is well known. The maximum risk is represented by DQ2 homozygous state (Supplementary Table S1 online). Furthermore, we analyzed the available data also in the perspective of HLA-DQ alleles rather than in terms of complete heterodimer molecules, namely DQ2 and DQ8. Thus, a gradient for CD risk according to specific HLA-DQB1 and HLA-DQA1 alleles emerged (Supplementary Table S2 ).
The results displayed in Supplementary Tables S1 and S2 have been summarized in Figure 2 , representing the spectrum of risk to develop CD in children, based on IPD meta-analysis data. The highest risk is confirmed to exist for DQ2/DQ2 homozygous subjects (namely, carrying HLA-DQA1*05 and HLA-DQB1*02 on both respective loci), also by considering all the ethnicities. These children have an odds ratio (OR) of 5.4 (95% confidence interval, 95%CI: 4.1-6.8) to develop CD, compared with the reference risk associated with any HLA-DQ genotype other than those coding any chain (α or β) of DQ2 or DQ8 heterodimers. Actually, the genotype DQ2/β2 consisting of two DQB1*02 alleles and only one HLA-DQA1*05 allele (with the other HLA-DQA1 of any different type) has basically the same risk (OR = 5.3; 95%CI:4.1-6.5). Indeed, no differences have been found in CD risk between DQ2/β2 and DQ2/DQ2 (χ 2 = 0.06, P = 0.8089), as well as between DQ8/β2 and DQ2/DQ8 (χ 2 = 0.19, P = 0.6616), and between β2/DQX and DQ2/X (χ 2 = 0.26, P = 0.6071). Then, starting from this peak of risk to develop pediatric CD, a spectrum of decreasing risk was drafted, as it follows:
-DQ8/β2 children being HLA-DQA1*03 and DQB1*03:02 heterozygous, but having also the allele coding for the β chain of DQ2 heterodimer (OR = 4.6; 95%CI: 2.8-6.3); -DQ2/DQ8 and DQ2/DQX children, namely DQ2 (DQA1*05 and DQB1*02) heterozygous, regardless of the presence of the DQ8 genotype (OR = 4.1, 95% CI: 2.5-5.8 and OR 4.1, 95% CI 3.0-5.1, respectively); -β2/DQX children being only heterozygous for DQ2 β chain (DQB1*02), without any other alleles coding for chains of DQ2 or DQ8 heterodimers (OR = 3.9; 95% CI 2.7-5.0); -DQ8/DQX children being basically only DQ8 heterozygous (OR = 2.8; 95% CI: 1.6-3.9); -α5/DQX children carrying only HLA-DQA1*05 allele, without any allele coding for other chains of DQ2 or DQ8 heterodimers (OR = 2.2; 95% CI 0.1-4.4).
No enough data were available to calculate OR for the remaining combinations of HLA-DQ alleles, such as genotypes including only DQB1*03:02 (namely, encoding only the β chain of DQ8 heterodimer) or those consisting of both DQB1*02 alleles without any DQA1 allele to complete any of DQ2 or DQ8 heterodimers. Finally, we reported in Supplementary Table S3 the genotypes of children diagnosed with CD from three studies of this meta-analysis that provided complete data about HLA-DQ alleles. By paying attention to the presence of HLA-DQB1 alleles, 96.8% of pediatric CD genotypes can be defined by the presence of at least one allele coding the β chain of DQ2 or DQ8 heterodimer. In other words, only 3.2% of these CD children found their genetic predisposition in other alleles than those coding DQ2 or DQ8 β chains: 0.5% CD children were carrying the HLA-DQA1*05 allele only and the remaining 2.7% showed allelic variants being different from those of DQ2 and DQ8 heterodimers. Following the previous results and observations on the pediatric CD risk according to the genotype, we focused our analysis on the data regarding HLA-DQB1 alleles. Among the 10 casecontrol articles selected for the meta-analysis, seven articles reported the frequency of the HLA-DQB1*02 allele (one in Asian and Amerindian, two in Arabic, and three in Caucasian populations), whereas five articles reported the frequency of the HLA-DQB1*03:02 allele (one in Asian, Arabic, and Amerindian and two in Caucasian populations). 300 out of 390 CD patients (77%) vs. 226 out of 611 (37%) healthy controls carried HLA-DQB1*02, whereas 86 out of 311 patients (28%) vs. 84 out of 423 (20%) healthy controls carried HLA-DQB1*03:02. In the population-stratified analysis, these alleles significantly conferred an increased risk for CD: HLA-DQB1*02 (OR: 10.28, 95%IC: 4.49-23.5), as shown in Figure 3a , and HLA-DQB1*03:02 (OR: 2.24; 95%IC: 1.02-4.91), as shown in Figure 3b . Because of the prevalent influence of carrying at least HLA-DQB1*02 allele for pediatric CD development, we meta-analyzed the LR+ and LR − of CD in children according to the presence of HLA-DQB1*02 allele. All studies provided a very high LR − , whereas LR+ resulted to be low and variable among different studies. The pooled estimate of LR+ was 2.55 (IC 0.97-6.72), whereas LR − showed a good discriminatory power: 0.31 (IC 0-17-0.56), as shown in Figure 4a . Egger's regression test showed no evidence of publication bias (Egger's regression test P values 40.1). Finally, we meta-analyzed the LR+ and LR − of CD if carrying one of two alleles that codifies for β chains of DQ2 or DQ8 molecules, namely HLA-DQB1*02 or HLA-DQB1*03:02 (Figure 4b) . The pooled estimate of LR+ was quite low: 1.98 (IC 0.97-3.98), whereas LR − showed a good discriminatory power: 0.13 (IC 0-04-0.37). Egger's regression test showed no evidence of publication bias (Egger's regression test P values 40.1).
CD Susceptibility and HLA-DQB1 Alleles (Retrospective Cohort Studies)
Three cohort studies (all from Caucasian population), involving 2,238 subjects carrying HLA-DQB1*02, 2,110 carrying DQB1*03:02, 593 carrying both, and 6,198 subjects without risk alleles, were retrieved. Relative risk with respect to subjects without risk alleles is summarized in Supplementary Table S4. DISCUSSION This is the first pediatric meta-analysis reviewing the disease association of HLA-DQB1 and HLA-DQA1 alleles encoding DQ2 and DQ8 heterodimers predisposing to CD. It included 13 pediatric studies between 1994 and 2016 adhering to all established criteria, providing 740 CD pediatric patients and 943 controls for statistical analysis. Here, the increase in the risk to develop CD in children carrying DQ2 and/or DQ8 molecules has been fully confirmed, of course.
As explained in the Introduction, the predisposing DQ2 and DQ8 heterodimers are composed of the association of α and β chains, encoded by HLA-DQA1*05 and DQB1*02 alleles and HLA-DQA1*03:01 and DQB1*03:02 alleles, respectively (11) . However, our meta-analysis showed the strongest genetic association with pediatric CD for those alleles encoding the β chains of susceptibility heterodimers and, particularly, for HLA-DQB1*02:01 allele encoding DQ2 β chain. In other words, HLA genotypes coding for DQ2 or DQ8 heterodimers, but also those including only the alleles of the respective β chains (regardless of the concomitant presence of DQ2 or DQ8 α chains) have an increased risk of developing CD.
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heterozygous and DQ2 homozygous individuals showed a very high risk and, to follow, DQ8 homo-and heterozygous along with DQ2 heterozygous and people carrying a double dose of DQB1*02 (neither having the whole DQ2 nor DQ8 heterodimer) resulted to have a high risk, anyway (35) . Our metaanalysis supports these conclusions, as summarized in Figure  2 . Here, it is shown that a double dose of HLA-DQB1*02 is associated with the highest risk to develop pediatric CD (OR45) and that also a single dose of HLA-DQB1*02 leads to a high risk (OR being around 4). Importantly, based on our statistical results, children having only one HLA-DQB1*02 allele (without any other HLA-DQ2 or HLA-DQ8 allele) showed basically the same risk to develop CD as children carrying heterozygous HLA-DQ2 and/or HLA-DQ8 full genotypes. Moreover, the results of our meta-analysis are in a great agreement with the original research by Megiorni et al., including 437 Italian children with CD, in addition to 551 controls, who were HLA-DQ-genotyped. They calculated a gradient of CD risk by evaluating unrounded case-control DQ frequencies and considering a disease prevalence of 1:100. In summary, they found a disease risk of 1:26 for children being homozygous for HLA-DQB1*02, despite the absence of the other genes coding for DQ2 or DQ8. This result is very interesting, if it is compared with the double heterozygous DQ2/DQ8, the heterozygous DQ2 being HLA-DQB1*02 homozygous, and the DQ8 heterozygous having one HLA-DQB1*02 allele, which showed a disease risk of 1:7, 1:10, and 1:24, respectively (36) . Indeed, adult and pediatric CD are considered to represent the phenotypic spectrum of the same disease, as concluded in a very recent research by Senapati et al., which represents the first comparative study of genetic markers, including HLA-DQ2 and HLA-DQ8 haplotypes, between children and adults affected with CD. Exactly, these authors confirmed that both children and adults are permitted to develop CD by HLA-DQ2 and HLA-DQ8 haplotypes; moreover, through the analysis of the genotype data set acquired by using Immunochip, their analysis also supported the conclusion that different sets of non-HLA loci determine the disease heterogeneity (including the age of onset, the disease severity, and the occurrence of extraintestinal clinical manifestations) among people sharing that same genetic HLA-DQ background (37) .
This finding can be translated in the evidence-based medicine by considering the LR, as we made in this metaanalysis. LR combines the sensitivity and specificity of the test (HLA-DQ genotyping, in our case) to determine whether a test result changes the probability that a condition, like a disease state (pediatric CD, in our case), exists (38) .
Therefore, we made the meta-analysis of LR+ and LR-to develop pediatric CD, if carrying one of two alleles that codifies for β chains of DQ2 or DQ8 molecules, namely HLA-DQB1*02 or HLA-DQB1*03:02 (Figure 4b) . The pooled estimate of LR+ was quite low, whereas LR-showed a good discriminatory power, confirming once more that HLA testing is accurate to rule out pediatric CD, but does not provide final confirmation for the diagnosis, of course. Interestingly, we obtained such a result by considering only the β chain genotype, namely HLA-DQB1 alleles, regardless of the association to HLA-DQA1 alleles coding for α chains of DQ2 and DQ8 heterodimers, being HLA-DQA1*05 and HLA-DQA1*03:01, respectively.
Our meta-analysis, along with these studies, may represent an epidemiological confirmation of the biological data supporting the preponderant role of class II MHC β chain and, particularly, of that codified by DQB1*02 allele, in the immunological pathogenesis of pediatric CD. Nenna et al. demonstrated that antitransglutaminase (anti-tTG) autoantibody titers were significantly different in their CD patients receiving a gluten-containing diet, according to the HLA-DQB1*02 status; moreover, patients with at least one HLA-DQB1*02 allele resulted to have more expressed clinical and histological CD (39) . Under the molecular perspective, the relationship between the magnitude of gluten-specific T-cell responses and the dose effect of HLA-DQ2 genes has been reported since the beginning of the century (40) . Moreover, further studies demonstrated that the high content of proline and glutamine residues of HLA-DQ2-restricted gliadin epitopes (lending important biological properties, such as the resistance to gastrointestinal proteolysis and the facility to be deamidated by tTG with enhanced immunogenicity) is fundamental for the interaction with class II MHC molecules (41) . On the basis of X-ray crystallography research, it has been suggested that some DQ2 β chain residues, participating in the peptide-binding cleft (particularly Arg-β70 and Lys-β71 of β chain encoded by HLA-DQB1*02), are responsible for the interaction with several residues of gliadin epitope and, thus, may be essential in the pathogenesis of CD (42) .
Thus, the risk stratification emerging from our meta-analysis confirmed the great importance of allelic HLA-DQ status and, particularly, of the "dose" of DQB1*02 allele (rather than the presence of whole heterodimer molecules DQ2/DQ8) in the predisposition to develop CD in the pediatric population and, importantly, regardless of the ethnicity. Indeed, the selected studies regarded different ethnicities, including Asian, Arabic, and Amerindian children, in addition to Caucasian subjects. According to the growing diagnostic recognition of CD in pediatric populations from non-western countries, seven of our selected studies were from outside Europe and North America (South America (1), Middle East (3), North Africa (2), and India (1)). Thus, an added value of this meta-analysis (based upon those eligible studies including children only) is that such a HLA-DQ genetic background of pediatric CD predisposition was similar regardless of the ethnicity. So far, most clinical studies concerning CD mainly included Caucasian adult patients, and were settled in western countries. In Europe, the overall prevalence is estimated to be around 1%, ranging from 0.3% (Germany) to 2.4% (Finland). However, CD seems to be as much prevalent outside Europe, as similar prevalence was described both in North and South America and even in non-Caucasian populations settled in India, in the Middle East, and in North Africa (43) (44) (45) .
Finally, as mentioned in the Introduction, the most recent ESPGHAN guidelines for the diagnosis of pediatric CD significantly increased the practical usefulness of HLA typing: indeed, those introduced the possibility to achieve the final diagnosis of CD in pediatric patients without performing intestinal biopsies in selected cases showing specific clinical and serological criteria and, importantly, carrying HLA alleles encoding DQ2 and/or DQ8 heterodimers (11) . Moreover, the growing interest in CD case finding strategies in at-risk groups and also in the general pediatric population might further increase the request of these genetic analyses, which are currently limited by the traditional costs of highresolution HLA typing (46, 47) . According to current clinical studies, most children with CD carry DQ2 and, in a lesser extent, DQ8 heterodimers; the remaining part (being DQ2 and DQ8 negative) mainly consists of children carrying one
